INTRODUCTION
Since the discovery of three dimensional (3D) topological insulators (TIs), interplay between topo logical order and magnetism has been considered as one of the field of paramount importance [1, 2] . When time reversal symmetry is broken, topological surface states are expected to exhibit a wide range of exotic spin phenomena (for example, quantized anomalous Hall effect) [3] [4] [5] which are potentially useful for spintronic applications [6] . The spontaneous symme try breaking in the system can be realized by the dop ing with magnetic ions to induce magnetism in the bulk or on the surface of TI [7] [8] [9] , or by a heterostruc ture design wherein exchange field is induced at the TI surface by the quantum proximity to a ferromagnetic (FM) material [9, 10] . However, there is one more way to create magnetization in TI, which is still out of the activity field of both experimentalists and theorists. Keeping in mind the fact that the modern molecular beam epitaxy technology makes it possible to prepare digital magnetic heterostructures (DMHs) in which mono (submono) layers of transition metals, embed ded into the semiconductor TI host, form the so called FM delta layers (δ layers) [11] . In this work, we explore theoretically how the electron and spin densi ties of a 3D TI host are affected by an inserted FM δ layer.
A common manner to introduce ferromagnetism into TI is the doping with transition metal impurities, just as that has been succeeded in diluted magnetic ¶ The article is published in the original. As it is well known, DMSs are characterized by a strong disorder in the distribution of the magnetic metal atoms in the host; as a result, the large content of 3d dopant in the TI DMSs influences their band structure so that topological order may be lost due to a strong exchange scattering. In contrast, it is generally thought that, in the epitaxial growth process of the Bi 2 Se 3 type based DMHs, the diffusion smearing and roughness of the FM δ layers are restricted within a relevant quintuple. At the same time, the FM order in the layers, enriched in 3d transition metal (Cr, V, Fe) atoms and embedded into the TI host (Sb 2 Te 3 , Bi 2 Se 3 ), could manifest itself at the temperatures well above a room temperature.
Below we consider the model of a single FM δ layer embedded into the 3D TI host of the Bi 2 Se 3 type semiconductor with an inverted band gap, described on the basis of the k ⋅ p Hamiltonian [16] . Strictly speaking, the very assumption that the FM order exists inside the δ layer is not evident [17] , but in our model, this order promoted by strong correlations of electron We report on theoretical study of the bound electron states induced by a ferromagnetic delta layer embedded into a narrow band gap semiconductor of the Bi 2 Se 3 type which is a three dimensional topological insulator with large spin-orbit coupling. We make use of an effective Hamiltonian taking into account the inverted band structure of the semiconductor host at the Γ point and describe the properties of the in gap bound states: energy spectrum, characteristic length and spin polarization. We highlight a role of these states for a magnetic proximity effect in digital magnetic heterostructures based on the Bi 2 Se 3 type semiconductors. DOI: 10.1134/S0021364012190113
states at the transition metal ions is merely postulated. The influence of the FM δ layer on the electron states of the TI host is described by means of an effective one dimensional potential, which includes both a potential (spin independent) and an exchange (spin dependent) contribution. We argue that the FM δ layer induces the quasi 2D bound electron states residing inside a TI host gap. Within the framework of a contin ual approach, we study these states to determine their energy spectrum, spin polarization, space shape, and characteristic length λ. In this letter we concentrate only on the key aspects of the phenomenon omitting many cumbersome calculation details. ( 1) where ψ(r) is the smooth envelope function in the spinor basis ( , , , ) of the four low lying states at the Γ point with k = 0. The signs "±" denote the even and odd parity states, respectively, and the arrows ↓↑ indicate the spin projections. In the Bi 2 Se 3 type material, these four states originate from the bonding combinations of Bi P1 z orbitals and anti bonding combinations of Se P2 z orbitals. The impor tant symmetries of the system are time reversal sym metry T, inversion symmetry I, and three fold rota tion symmetry C 3 along the z axis. Keeping only the terms up to quadratic order in the wave vector k, Zhang et al. constructed the following generic form of the 4 × 4 effective Hamiltonian [16] : (2) with Ξ(k) = Ξ -B || ( + ) -B z ; I 4 × 4 is an unit matrix, σ 0, x, y, z and τ 0, x, y, z denote the Pauli matrices in the spin and orbital space, respectively. An important feature is that the orbitals and at the Γ point have the opposite parities, so that the off diagonal terms are linear in k x, y and k z . The simple model (1), (2) captures remarkable features of the band structure, especially, under the condition Ξ, B z , B || > 0, the inverted order of the terms and near k = 0 (as compared with large k), which correctly characterizes the topologically non trivial nature of the system due to the strong spin orbit cou pling. In what follows, for simplicity we assume ε 0 (k) = 0 and B z = B || = B and A z = A || = A. Then the dispersion of the bulk bands is given by ω = ±ω 0 (k) with ω 0 (k) = , k 2 = + + . We restrict ourselves to the case of "camelback" shaped
MODEL HAMILTONIAN
) when the band gap gets the minimal magnitude E g = 2Ω at the nonzero wave vector k = k 0 ,
The model Hamiltonian given by Eqs. (1), (2) is defined on the whole space of the host. Although the k ⋅ p approach is an efficient tool for the small momentum realm ka Ӷ 1 (a is the lattice constant), it cannot provide adequate information on the wave function behavior in the vicinity of the atomically sharp FM δ layer where large momenta are highly important. The embedding of the FM δ layer drasti cally perturbs the electron density and deforms the crystal lattice of the host. In fact, the internal electron properties of the TI host near the FM δ layer may sig nificantly differ from those at the periphery of this layer. Therefore, assuming the FM δ layer to be located at z = 0 and retaining a 2D periodicity along the (x, y) plane, we introduce the Hamiltonian 
The matrix elements V, v and Δ, η are related to the processes of potential and exchange scattering, respectively. For the sake of simplicity, we neglect the inter band scattering processes and imply that the magnetization of the FM δ layer is directed along the normal to its plane. One can intuitively interpret the physical meaning of the matrix elements of the potential (3). The terms V and v are responsible, respectively, for the symmet ric and antisymmetric local shifts (around the middle of the gap ω = 0) of the valence and conduction bands due to Coulomb potential of the δ layer. On the other hand, the terms Δ and η involve, respectively, the sym metric and antisymmetric local spin splitting of the valence and conduction bands produced by an exchange field of the FM δ layer. The quantity and sign of the matrix elements depend, in a complicated man
